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FINAL REPORT —Part 1

ONR PROGRAM OFFICER: James J. Kelly

LONG-TERM RESEARCH OBJECTIVE:

Liquid composite molding techniques potentially offer the capability to fabricate high-
performance composite products of complex shapes at high throughputs. Strong parameter
uncertainties and variabilities inherent in the process have remained a fundamental
impediment to a complete realization of the process potential and the widespread use of the
process in commercial and DoD applications. The overall research objective is to overcome the
fundamental impediments and significantly advance the processing science and technology,
leading to capabilities for rapid, robust and affordable manufacturing of composites.

S&T OBJECTIVES:

e To identify and characterize the source and nature of the process parameter uncertainties,

e To develop a science-based framework for stochastic analysis and optimization of the
process; to identify robust processing regimes that minimize process variabilities,

e To devise and demonstrate a robust, real-time, optimal process control framework with the
control decisions derived from process physics rather from empirical heuristics, and

e To explore novel strategies for accelerating the resin flow and cure during the process.

APPROACH:

Detailed experiments were conducted on a laboratory scale process toward identifying the
critical parameter uncertainties, and obtaining quantification of the uncertainty information. A
stochastic analysis framework was developed wherein process simulation models were used to
explore the interactive effects of the parameter uncertainties on the resulting process and
product quality variabilities. Based on the stochastic analyses, processing regimes that minimize
the output variabilities were developed for a wide range of process and material parameters,
and quality considerations. Implementation of the simulation models for real-time process
control requires that the simulation time scales be much less than the processing time. This was
achieved through the use of neural networks trained using the simulation models, which also
permitted optimal control in real-time. Resistive heating of conductive elements embedded
within the composite layup was explored as a means of accelerating the cure process (thereby
reducing cycle time). Additionally, fundamental studies were conducted on issues pertaining to
resin permeation through porous preforms, including accurate permeability modeling,




nondestructive preform permeability mapping, and ultrasonic insonation induced flow
enhancement during mold filling step of liquid molding.

S&T COMPLETED:

A stochastic modeling framework was developed during the Program was used to
investigate liquid composite molding processes in detail. The investigations covered a wide
range of parameters for several processing variants, including isothermal mold filling (as in
conventional RTM and VARTM) and nonisothermal mold filling (processes such as
RIM/SRIM), and curing of composites. Optimum processing maps were derived from the
studies in a generic form applicable to several resin classes and fiber architectures.

Experimental runs were conducted on a laboratory-scale process with the objective of
extensively characterizing the parameter uncertainty distributions, and of demonstrating the
robust processing regimes obtained theoretically. Uncertainty distributions for parameters such
as the preform permeability were established as a function of the fiber architecture (plain
weave, stitched mat, etc.) and the fiber volume fraction in the preform. The stochastic model
was demonstrated to mimic the variabilities inherent in typical processing, and the optimum
conditions obtained from the stochastic optimization were also confirmed experimentally.

An intelligent simulation-based framework for real-time control of the mold-filling step of
liquid molding processes was developed. The framework incorporates a process simulator
based on artificial neural networks trained using physical models, a real-time fuzzy-logic based
parameter estimator for the preform permeability (which exhibits considerable spatially and
from run-to-run variabilities), and a simulated annealing based optimizer to obtain optimal
values of the control parameters on-the-fly. The intelligent model-predictive controller was
demonstrated to produce reliable control on a prototype process, for homogeneous and
heterogeneous preforms alike.

Resistive curing of composites using embedded conductive fibers was investigated in detail
theoretically and experimentally to identify processing envelopes and optimum configurations
(number and positioning of the heating elements and the power densities). The technique was
shown to be a viable approach to minimizing the cycle time, especially in the fabrication of
thick-section composites, as in many Naval applications. Furthermore, a novel idea of using
current cycles in addition to cure temperature cycle was explored, and optimum cure
temperature and current cycles, as well as optimum number and placement of the resistive
heating mats were derived from the studies.

The Program also included fundamental studies on preform permeability modeling in
which fractal geometry was used to describe the preform microstructure, and the fractal
description was related to the overall preform permeability. Furthermore, a nondestructive
method was developed to correlate preform permeability to ultrasound attenuation
characteristics of preforms. Toward improving the flow resin through low-permeability regions
in the preform, a novel method of ultrasonic insonation assisted flow enhancement was
developed.

IMPACT/NAVY RELEVANCE OF THE RESEARCH:

Designing processes for quality fabrication in a reliable manner is of much significance to
the composites industry at large, and to many Naval applications. The total quality
manufacturing tool and the intelligent process control framework developed as part of the
ONR-funded programs will benefit the Navy and its contractors and the commercial industry
alike in enabling cost-effective fabrication of high-quality and high-performance composites.
The accelerated curing strategy will be especially valuable to the fabrication of thick-section




composites found in many Naval applications (e.g. submarine hulls). The resistive curing
technology also presents opportunities in composite repair applications. The studies on issues
pertaining to flow in liquid molding processes will lead to better insertion of the processes for
fabricating composite structures for Naval and other DoD applications.

OTHER SPONSORED SCIENCE & TECHNOLOGY:

“Processing Fundamentals and Process Modification for Rapid Liquid Molding of High-
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Technology Transfer:

The research and development from the ONR-funded efforts so far have attracted much
interest from the industries and the composites community. Several industries, including
Ford Scientific Research Laboratories and Sikorsky Aircraft, have expressed interest in
adopting the methodologies and tools developed for robust design of liquid molding
processes in the face of parameter uncertainties. The research on intelligent simulation-
based process control is of direct relevance to the MANTECH program at Sikorsky aircraft,
who has expressed considerable interest in the technologies developed by the PI's group
under ONR-funding. Discussions for a technology transfer are underway with Sikorsky and
other units of United Technologies Corporation (Hamilton Standard and Dow UT). Apart
from the industries, the Polymers Division at the National Institute of Standards and
Technology (NIST) is also interested in the outcome of the ONR-funded efforts. Details of
collaboration with NIST are also presently being worked out.
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